The UCD community has made this article openly available. Please share how this access benefits you. Your story matters! (@ucd_oa) Some rights reserved. For more information, please see the item record link above. Our data suggest that in T47D cells ErbB family ligands induce a dynamic, PI3K/Akt-sensitive and MEK-independent compensatory ERK activation circuit that is absent in MCF7 cells. We discuss candidate proteins that can be involved in this activation circuitry and suggest that PDZ-Binding Kinase/T-LAK Cell-Originated Protein Kinase (PBK/TOPK) may play a role in mediating MEKindependent ERK activation.
INTRODUCTION
Infiltrative ductal carcinomas often show uncontrolled anchorage-independent growth, increased invasiveness and survival, which can be attributed to the enhanced autocrine growth factor production, overexpression of their cognate receptors and dysregulation of intracellular signal transduction pathways. Intrinsic or acquired resistance of breast tumor cells to anticancer drugs, including antiestrogens, can emerge from compensatory circuits and engagement of redundant signaling pathways [1] .
The epidermal growth factor (EGF) 1 receptor, a member of the ErbB family of receptor tyrosine kinases, regulates normal mammary gland growth and development [2] and is overexpressed in 15-20% of breast carcinomas [3] . EGF-evoked signals are generally transmitted to the Raf/MEK/ERK (mitogenactivated protein kinase (MAPK)) cascade through the small GTPase Ras and Src family tyrosine kinases. EGF also facilitates the activation of class I phosphoinositide 3-kinases (PI3K). PI3K
phosphorylates phosphatidylinositol lipids to generate PI(3,4,5)P 3 or other phosphoinositides, which are recognized by pleckstrin homology (PH) domains of various proteins, including the downstream effector serine/threonine kinase Akt. Membrane targeted Akt is subsequently phosphorylated and activated by phosphatidylinositol-dependent kinase 1 (PDK1). In addition, PDK1 activates some protein kinase C (PKC) isozymes and together with Akt regulates p70 ribosomal S6 kinase (p70S6K) activation and the phosphorylation of ribosomal S6 protein (S6RP), implicated in the control of the translational machinery [4] . The translocation of phosphorylated ERK, Akt and their substrates into the cell nucleus leads to the 1 ABBREVIATIONS: Akt -protein kinase B; BVR -biliverdin reductase; c-Src -cytosolic src avian sarcoma viral oncogen homolog; DAG -diacyl glycerol; DiC8 -1,2-Dioleoyl-sn-glycerol; EGFepidermal growth factor; EGFR -epidermal growth factor receptor; ERK -extracellular signal-regulated kinase; ER-α -estrogen receptor alpha; FBS -fetal bovine serum; FGF -fibroblast growth factor; GAB -Grb2-associated binder; GSK-3 -glycogen synthase kinase-3; HRG-β -heregulin beta; IBimmunoblotting; IGF-1 -insulin-like growth factor 1; IRS -insulin receptor substrate; MAPKmitogen-activated protein kinase; MEK -mitogen-activated protein kinase kinase; MKPs -MAPK phosphatases; p70S6K -p70 ribosomal S6 kinase; p90RSK -p90 ribosomal S6 kinase; PAK -p21-activated kinase; PBK/TOPK -PDZ-Binding Kinase/T-LAK Cell-Originated Protein Kinase; PDGFplatelet-derived growth factor; PDK1 -phosphoinositide-dependent protein kinase-1; PH -pleckstrin homology; PI3K -phosphatidylinositol-3-kinase; PKA -protein kinase A; PKC -protein kinase C; PP2A -protein phosphatase 2A; PRL -prolactin; RIP2 -receptor interacting protein 2; S6RP -ribosomal S6 protein; SHC -Src homolohy and collagen domain protein; siRNA -small interfering RNA; SOS -Son of Sevenless; STAT3 -signal transducer and activator of transcription 3; TGF-α -transforming growth factor alpha; VEGF -vascular endothelial growth factor; WT -wortmannin. expression of specific sets of genes that determine relevant biological responses to extracellular cues:
namely, cell division, proliferation, differentiation, adhesion or migration, cytoskeletal rearrangements, changes in metabolism, DNA repair, survival or death (apoptosis) [5] .
Cell survival (PI3K/Akt) and mitogenic (Ras/MAPK) linear cascades rarely act as independent parallel pathways; rather they influence each other at different points and phases of signal propagation in both negative and positive manners, resulting in dynamic and complex crosstalk. This crosstalk is mediated by various kinases and phosphatases as shown in Fig. 1 . The occurrence of multiple regulatory feedbacks depends on cell type, the stage of cell differentiation, ligand type and dose. Thus, the separate inhibition of one or another module may not always lead to the desired suppression of tumor growth.
In previous studies we focused on the crosstalk of PI3K/Akt and Ras/MAPK in normal cells without mutations in these pathways resulting from concerted stimulation by EGF and insulin [6, 7] .
Significant crosstalk between the PI3K/Akt and Ras/MAPK pathways in tumor cells makes pathway activation robust to perturbations, which relates to different drug sensitivity profiles [8] [9] [10] . In this study,
we use small molecule agents and siRNA treatments to investigate whether the PI3K/Akt and Ras/MAPK signaling pathways display similar sensitivities to inhibition in tumorigenic T47D and MCF7 breast cancer cells upon EGF stimuli. Derived from metastatic pleural effusions of invasive ductal carcinoma, these cell lines express ER-α, contain highly oncogenic activating PI3K gene mutations (E545K in MCF-7, H1047R in T47D), and are routinely used as contrasting models for studies of drug resistance to the anti-estrogens toremifene and tamoxifen [11] [12] [13] . Herein we describe an unusual PI3K/Akt-sensitive MEK-independent circuit of EGF-dependent ERK activation in T47D cells, which may underlie higher survival rates and reported anti-estrogen resistance of these cells in comparison with anti-estrogen-sensitive MCF7 cells.
MATERIALS AND METHODS

Chemicals and antibodies
Insulin was obtained from Sigma-Aldrich (St. Louis, MO), 1,2-Dioleoyl-sn-glycerol -from
Cayman Chemical (Ann Arbor, MI) and other growth factors were purchased from PeproTech Inc.
(Rocky Hill, NJ). The stock solutions of inhibitors listed in Table S1 were prepared in dimethyl sulphoxide (DMSO) (Sigma-Aldrich). List of specific antibodies used in this study and their commercial sources are indicated in 
Cell stimulation and protein extraction
For ligand-response studies, cells were plated in 60×15 cm dishes (Denville Scientific, Metuchen, NJ) and grown until they reached 80% confluency. The cells were starved overnight in appropriate FBS/insulin-free media, (if required) preincubated with fixed concentrations of inhibitors or DMSO vehicle alone, stimulated with indicated ligand(s) for indicated time intervals at 37°C and lysed with the lysis buffer. The preparation of total protein extracts, electrophoresis and Multistrip Western blotting procedures were performed as described previously [6, 14] . Briefly, cell lysates were subjected to LDS-PAGE. Separated proteins were electrotransferred onto nitrocellulose membranes. For semiquantitative immunoblot analyses, the membranes previously blocked with 5% bovine serum albumin (BSA) solution were probed with specific primary and corresponding secondary antibodies (dilutions are indicated in Table S2 ). Signals of protein bands were detected by enhanced chemiluminescence system (Pierce Biotechnology/Thermo Fisher Scientific, Rockford, IL) and quantified using KODAK Image Station 440CF software. Kinetic curves and charts were plotted in SigmaPlot. Obtained signal values were normalized to the appropriate loading control.
Cell transfection
Half an hour or less before transfection T47D cells were trypsinized and resuspended in antibiotics-free complete media. In both cell lines, EGF caused robust phosphorylation of ERK1/2, but its activation patterns were notably distinct, being sustained in T47D cells ( Fig. 2A ) and more transient in MCF7 cells (Fig. 2B ).
PI3K and PDK1 were involved in the positive regulation of Ras/MAPK signaling to a greater extent in MCF7 than in T47D cells. In both cell lines, wortmannin attenuated ERK1/2 phosphorylation levels much stronger than Akt-VIII inhibitor, which indicates that wortmannin inhibits additional positive regulators of ERK that lay upstream of Akt, e.g. PH-domain containing adaptor protein GAB1, PDK-1 and PI3K-activated PAK.
MEK inhibition by U0126 increased Akt activation in both cell lines (Figs. 2A-B, lower panels),
which is consistent with previous reports in other cellular systems upon EGF treatment [6, 16] .
Surprisingly, in U0126-pretreated T47D cells, ERK1/2 remained substantially phosphorylated, whereas its phosphorylation was completely abrogated in MCF7 cells ( Fig. 2A-B , upper panels).
EGF-induced ERK phosphorylation in T47D cells depends only partially on MEK activity
To explore a possible mechanism of ERK1/2 activation, under conditions where MEK is inhibited, we determined the detailed kinetics of ERK1/2 phosphorylation on T47D cells, stimulated with saturating (1 nM to prevent MEK1/2 signaling to ERK1/2 in a variety of other EGF-responsive epithelial cells [6, [17] [18] [19] .
The behavior of phospho-ERK1/2 in the presence of U0126 was similar when immunoassayed with antibodies that detect a) either individually or dually phosphorylated ERK1/2 b) only monophosphorylated Thr residues of ERK1/2 ( Fig. 2S ) or c) all phosphorylated Tyr residues (pY20) in ERK1/2 immunoprecipitates (data not shown). These findings confirm that the U0126-resistant ERK species are active, since the phosphorylation of both Thr and Tyr residues is required to attain full ERK1/2 activity.
Drug sensitivities can vary between cell lines due to differences in inhibition constants, different cell penetration, metabolic degradation or excretion of the inhibitor [20] [21] [22] . To verify that the effect was not caused by non-specific properties of U0126, which is also reported to inhibit MEK5 signaling to ERK5 [23] , T47D cells were treated with two other structurally unrelated MEK inhibitors PD 098059
and PD 198306. At concentrations over 10-50 fold higher than their IC 50 , these inhibitors failed to prevent EGF-induced ERK1/2 activation (Fig. 3B) . To further test the interpretation that there is a MEK-independent ERK phosphorylation, T47D cells were transfected with small interfering RNA (siRNA) specifically targeting MEK1 and MEK2 or scrambled control siRNA (Scr siRNA) for 72 hours and treated with 1 nM EGF for an additional 30 min in the presence or absence of 10 µM U0126 (Fig.   3C) . Quantification of the blots showed, that while MEK1/2 expression was suppressed by 70% in MEK1/2 siRNA transfected cells compared to Scr siRNA, phospho-ERK1/2 protein levels were reduced by only ~20%. By comparison, ERK1/2 phosphorylation in cells treated with U0126 alone was only ~30% less than in untreated control cells. GAPDH levels did not show significant differences between MEK1/2-and Scr siRNA-transfected groups.
Taken together, these data suggest that initial ERK1/2 activation at early time points is exclusively mediated by MEK, but at later times MEK's contribution becomes less, since the MEKindependent pathway accounts for more than 40% of remaining ERK1/2 phosphorylation.
MEK-independent ERK activation is triggered only by ErbB family ligands
The results presented above suggest that in EGF-stimulated T47D cells a significant pool of ERK becomes activated via MEK-independent mechanism. To examine whether this mechanism is ErbB receptor family-specific, T47D cells were stimulated with TGF-α, HRG-β and ligands that are important (Fig. 4, right panel) . This can imply that the proto-oncogene ErbB2 receptor, the preferred heterodimerization partner of EGFR [24] , prolongs the duration of MEK/ERK response [25] and accounts for the ERK resistance to MEK inhibition, as reported previously [26] . Theoretically, in this case, the cell lines expressing higher levels of ErbB2 and showing sustained ERK kinetics (e.g. BT-474 or CAPAN-1) would be even more resistant to U0126 treatment. This is not what we observed (Fig.   1S) . Moreover, the inhibition of ErbB2 with a selective ATP-competitive inhibitor tyrphostin (AG-825, 5 µM) did not alter the levels of phospho-ERK1/2 in the presence of U0126 (data not shown).
U0126-resistant ERK activation depends on kinase(s) located downstream of PI3K/Akt
To distinguish the kinase(s) that could be potentially involved in an alternative route of ERK activation in EGF-stimulated T47D cells, we applied a set of widely used small molecule inhibitors and measured the relative amounts of phosphorylated ERK1/2 by immunoblotting at various time points (Fig. 5A, upper panel) . Total levels of ERK1/2 were constant (not shown). The ratios between phosphoand total ERK signal values were plotted as a graph (Fig. 5A, bottom panel) .
EGFR-dependent cross-activation of G-protein coupled receptors could activate cAMPdependent protein kinase A (PKA), involved in the activation of ERK-specific phosphatases PTP-SL and MKPs [27] (Fig. 1B) . To inhibit cAMP production, and thus, PKA activity, we used the adenylate cyclase inhibitor SQ22536 (Fig. 5A) . Compared to the U0126-only treated cells (blot strip 2), cAMP inhibition slightly increased ERK1/2 phosphorylation at 10-20 and then at 90-120 minutes (blot strip 3), indicating that there is no tight regulatory relationship between cAMP-dependent signal transducers and ERK1/2 when MEK is inactive.
To test the direct action of PKC isozymes on ERK1/2 activation, mixtures of U0126 and selective inhibitors of multiple PKC isoforms Gö6850 (blot strip 4) or Gö6983 (blot strip 5) were applied, but none of these combinations significantly changed ERK1/2 phosphorylation dynamics. The concentrations we used in our studies (5 µM of Gö6983 and Gö6850) far exceeded IC 50 values (see Table S1 ), abolishing the activities of most PKC isoforms, except for PKC-µ, which functions at the Golgi compartment [28] . Although the expression of constitutively active PKCµ activates c-Raf leading to ERK1/2 phosphorylation, this effect entirely depends on MEK activity [29] . Furthermore, ERK1/2 phosphorylation, which was induced by cell stimulation with 1,2-Dioleoyl-sn-glycerol (DiC8), an analog of the PKC-activating secondary messenger DAG, was eliminated by U0126 treatment (Fig. 3S) .
Stimulation of T47D cells with EGF results in the activation of tyrosine kinase c-Src, which generally contribute to the MAPK signaling upstream of MEK [30] . In addition, there are reports of cSrc-mediated regulation of ERK1/2 activity through the inactivation of PP2A phosphatase [31] (Fig.   1B) . However, in our experimental conditions, c-Src inhibition by Su6656 (Fig. 5A , blot strip 6) or PP2
(5 µM, data not shown) did not attenuate ERK1/2 phosphorylation, exluding the role of c-Src for ERK1/2 activation downstream of MEK.
Despite the relatively weak action of the PI3K inhibitor wortmannin, the PDK1 inhibitor OSU-03012 or Akt1/2/3 inhibitor Akt-VIII on ERK activation when MEK was active (Fig. 2) , the combination of each agent with U0126 resulted in the dramatic suppression of ERK1/2 phosphorylation (Fig. 5A , blot strips 7-9). Out of the three inhibitors, phospho-ERK1/2 was particularly sensitive to wortmannin treatment.
To further verify the requirement of PI3K and Akt for MEK-independent ERK activation, we transfected T47D cells either with siRNA against Akt1, Akt2 (Akt 3 isoform is not expressed in these cells), catalytic or regulatory subunits of PI3K or with negative control siRNA. 72 hours posttransfection, cells were pretreated with MEK inhibitor U0126 and stimulated with 1 nM EGF for 30 minutes. As a result of these treatments, ERK phosphorylation levels in Akt1/2-or PI3K-downregulated cells dropped by an additional 40 to 60% in comparison with control cells (Fig. 5B) .
These findings provide evidence that the protein(s), responsible for MEK-independent ERK1/2 activation, functions downstream of PI3K, thereby supporting the hypothesis, that in some cellular systems ERK activation is mediated by an alternative, cell type and growth factor-specific MEK-and PKC-independent, but PI3K-sensitive pathway [32] [33] [34] .
MEK-independent ERK activation is not mediated by p38 MAPK and GSK-3 kinases and does not depend on PP2A or Cdc25 phosphatase activity
Since Akt negatively regulates p38 MAPK, which, in turn, activates PP2A and MAPK phosphatases (MKPs) that are able to directly dephosphorylate ERK1/2 (Fig. 1B) , we investigated whether MEK-independent ERK phosphorylation could be mediated by p38 MAPK and its targets. For this purpose, T47D cells were treated with wortmannin alone or its combination with U0126, p38
MAPK inhibitor PD 169316 and both inhibitors (Fig. 6A) . Inhibition of PI3K and subsequent donwregulation of Akt activity by wortmannin significantly increased basal and EGF-induced p38 MAPK phosphorylation levels (Fig. 6A, left panel) , implying the existence of negative regulation between Akt and p38 MAPK.
Assuming that p38 MAPK negatively regulates GSK-3 and that MEK-independent ERK activation occurs exclusively through the GSK-3-and p38 MAPK-controlled phosphatases (Fig. 1B) , but not through an unknown kinase, the combined cell treatment either with Akt inhibitor or wortmannin plus U0126 should collectively result in the downregulation of ERK activity. In this case the inhibition of p38 MAPK and PP2A phosphatase should upregulate ERK phosphorylation levels. However, in the presence of wortmannin, p38 MAPK inhibition by PD 169316 and successive PP2A/MKPs deactivation did not enhance phospho-ERK1/2, rather it decreased ERK1/2 activation at early time points (2-5 min) (Fig. 6A, right panel) . Furthermore, upon combined MEK and PI3K inhibition, when ERK1/2 phosphorylation was near the basal level, PD 169316 treatment did not significantly increase phospho-ERK1/2.
However, we could not exclude the presence of a p38 MAPK-independent mechanism of PP2A activation. To test this hypothesis, we used endothall (IC 50 = 90 nM for PP2A, IC 50 = 5 µM for PP1), a specific and more selective inhibitor of PP2A than okadaic acid (IC 50 = 0.2-1 nM for PP2A, IC 50 = 3 nM for PP1). At 2 µM concentration, which fully inhibits PP2A activity, endothall did not change ERK1/2 activation at 5 or 30 minutes after EGF stimulation in the absence of MEK activity (Fig. 6B) .
At the same time, the failure of p38 MAPK inhibition to enhance phospho-ERK1/2 could indicate the absence of p38-MAPK-GSK-3 inhibitory feedback. To assess the role of GSK-3 in MEKindependent ERK activation, T47D cells were pretreated with Akt-VIII, GSK-3 inhibitor SB 216763 or their combination in the presence or absence of U0126. Although Akt inhibition decreased U0126-resistant ERK1/2 phosphorylation 30 minutes post-EGF, SB 216763 treatment did not change the remaining phospho-ERK1/2 levels (Fig. 6C) . Similar results were observed with another GSK-3 inhibitor SB 415286 (data not shown).
Increased expression of oncogenic cell cycle-regulatory dual-specificity phosphatase Cdc25A is frequently observed in human cancers, especially those with activating PI3K/Akt mutations and concomitant decreased activity of GSK-3 [35] . Hence, PI3K inhibition by wortmannin could inactivate
Cdc25A. According to literature data, Cdc25A inhibition or/and endogenous suppression by siRNA causes prolonged and enhanced ERK phosphorylation in response to EGF even in the presence of mutated MEK [36] . However, T47D cell treatment with a selective inhibitor of the CDC25 phosphatase family (NSC 95397, 5 µM) in the presence of wortmannin and U0126 did not alter the U0126-resistant ERK response to EGF stimulation (data not shown).
These data suggest that neither p38 MAPK nor GSK-3 participate in MEK-independent ERK1/2 activation, which does not require PP2A and Cdc25 phosphatase activities either.
Synergistic downregulation of ERK phosphorylation and its downstream effectors by combined inhibition of MEK and PI3K activities
The comparison of phospho-ERK1/2 kinetics in the presence of U0126-only, wortmannin-only or their combination in T47D cells is shown in Fig. 7A . We found that the concurrent inhibition of PI3K/Akt and MEK kinases blocked ERK1/2 activation in a synergistic, but not additive manner after 5 minutes of EGF addition to the media (Fig. 7A, right panel) . The inhibitory synergy was preserved over a wide range of wortmannin concentrations (50-1000 nM) (Fig. 4S) and occurred in both soluble and membrane subcellular fractions (Fig. 5S) . Neither U0126 or 200 nM wortmannin (this dose completely inhibits the phosphorylation of PI3K's substrate Akt, as shown in left panel of Fig. 7B ) nor their combination reduced EGFR and Shc phosphorylation levels ( Fig. 6S A-B) . As expected, PI3K inhibition decreased phosphorylated c-Raf and MEK levels due to disruption of GAB-mediated positive feedbacks, but their total levels were unaffected (Fig. 7B, left panel, and Fig. 6S C) . At the same time ERK1/2 phosphorylation (left panels in Figs. 7A and 7B) and its activity towards direct and indirect downstream targets were abolished (Fig. 7B, right panel) .
Cell treatment with single-agent U0126 did not significantly reduce c-Raf or MEK phosphorylation (Fig. 7B, left panel) . U0126 inhibits catalytic MEK activity, when it has already been phosphorylated by upstream kinase c-Raf. Although U0126 itself should not change c-Raf and MEK phosphorylation status, we cannot exclude the effects emerging from ERK-mediated positive/negative feedbacks upstream of c-Raf and MEK that may influence phospho-MEK levels. Similarly, U0126 does not decrease, but rather increases Akt phosphorylation due to the ERK-mediated negative feedback on the GAB1-PI3K interaction (Fig. 1A) .
As a readout of ERK1/2 activity we measured the expression levels of Ser380 phosphorylated p90 ribosomal S6 kinase (p90RSK) (see detailed time-course in Fig. 6S D) [37], Ser383 phosphorylated transcription factor Elk-1, and their dowstream target "immediate-early" gene c-Fos [38] . The phosphorylation of p90RSK and Elk-1 (Fig. 7B, right panel) , was almost unaffected by U0126, which is consistent with moderate decrease in ERK activation at 60 min (Fig. 7B, left panel) . In contrast, reduced c-Fos expression levels at 60 min perhaps is a consequence of U0126-mediated decrease in the amplitude of ERK phosphorylation at early time points, which can readily impede a threshold of c-Fos induction.
Previous studies have shown that ERK1/2-mediated phosphorylation of ER-α at Ser118, Ser104
and Ser106 residues stimulates ER-α activity in estrogen-independent manner [39] . Phosphorylation of ER-α at Ser118 was strongly reduced in T47D cells treated with the combination of U0126 and wortmannin (Fig. 7B, right panel) .
We found that combined inhibition of MEK/ERK and PI3K/Akt signaling efficiently suppresses the phosphorylation of signal transducer and activator of transcription 3 (STAT3) on Ser727, known to modulate STAT3 transcriptional activity. STAT family transcription factors participate in oncogenesis through up-regulation of genes encoding apoptosis inhibitors and cell cycle regulators such as c-Myc. In correlation with the decrease in STAT3 phosphorylation, the expression levels of c-Myc were downregulated by the administration of both PI3K and MEK inhibitors (Fig. 7B, right panel) . Similarly to c-Myc expression, the synergistic inhibition of S6RP phosphorylation on Ser235/Ser236 also reflected the activities of both PI3K/Akt and Ras/MAPK signaling pathways, which was confirmed by independent studies [40, 41] .
These data demonstrate that complete inhibition of ERK activity can be achieved only by coinhibition of MEK and PI3K, but not by treatment with either agent alone.
Growth inhibition of EGF-stimulated T47D cells by Akt-VIII
Wortmannin is unstable in cell culture media if incubated for long time periods. Therefore, to assess the long-term effects of combined inhibition of PI3K/Akt and MEK/ERK signaling pathways on T47D cell growth, we used more stable cell-permeable quinoxaline compound Akt-VIII that potently and selectively inhibits Akt1/2/3 activities (see Table 1 ) and efficiently suppressed U0126-independent ERK phosphorylation as shown in Fig. 5A, upper panel, blot 9 . 
MEK-independent ERK activation depends on PBK/TOPK kinase
The effect of combined inhibition of MEK and PI3K/Akt implies the existence of a MEKindependent ERK1/2 activation mechanism, which could involve currently unidentified PI3K/Aktinducible kinase(s). To the best of our knowledge, besides upstream kinases c-Raf and MEK1/2, the candidate list of kinases that have direct effects on ERK1/2 phosphorylation and can be directly or indirectly regulated by PI3K/Akt, includes only the following proteins: biliverdin reductase (BVR) [42] [43], PDZ-Binding Kinase/T-LAK Cell-Originated Protein Kinase (PBK/TOPK), receptor interacting protein 2 (RIP2) [44, 45] and Fer kinase [46] .
Since selective inhibitors for these kinases are not commercially available, we used an siRNA approach to silence BVR, RIP2, Fer and TOPK gene expression and clarify whether any of them may account for MEK-independent ERK1/2 activation in T47D cells. The data in Fig. 9A show that upon MEK inhibition by U0126, ERK phosphorylation decreases by 62 % ± 10% in TOPK-siRNA-treated cells as compared to control cells. By contrast, downregulation of the BVR, RIP2 and FER kinases did not affect ERK activation in the presence of MEK inhibitor, indicating that TOPK is the most likely candidate kinase to provide an alternative ERK activation mechanism in T47D cells (Fig. 9B) .
PBK/TOPK is a novel MAPKK-like kinase [47] , which is significantly upregulated in highly proliferative malignant cells, including colorectal and breast carcinomas [48, 49] . In fact, the levels of TOPK kinase are at least 2-fold higher in T47D than in MCF7 cells (data not shown). The regulatory connection between TOPK and PI3K/Akt may occur via Cdc2/cyclin B, which can be indirectly activated by Akt [50] and can phosphorylate TOPK on Thr-9 residue important for its enzymatic activity [47, 51] . Interaction between Raf and PBK/TOPK was shown by yeast two-hybrid screening analysis [52] . In EGFR signaling, an autocatalytic loop between TOPK and ERK has been demonstrated by the suppression of either TOPK or ERK2, which resulted in a decreased phosphorylation of ERK2 or TOPK, respectively [49] . Furthermore, p38 MAPK and ERK2 were good substrates of TOPK in vitro.
Further studies are required to determine whether TOPK co-localizes with ERK in cytoplasm and nucleus, and whether it can phosphorylate ERK or form a complex that protects ERK against phosphatase activity. It is also important to understand TOPK activation mechanism by upstream proteins, including PI3K and/or Akt.
CONCLUSION
In conclusion, we demonstrate that EGF induces a crosstalk between PI3K/Akt and Ras/MAPK GAPDH levels were used as loading controls. 
